A sheep was anaesthetized for implantation of a novel device (MitroFast s ) to replace the posterior leaflet of the mitral valve. Anaesthetic management included a balanced anaesthetic protocol and consisted of propofol or isoflurane combined with fentanyl infusion (0.15-0.4 mg/kg/min). Deliberate hypothermia during cardiopulmonary bypass was set at 34.5-35.51C. Surgery proceeded uneventfully. Total time of aortic cross-clamping was 35 min and total time on extracorporeal circulation was 60 min. Visual inspection, intracardiac pressure testing and transesophageal echocardiography indicated proper functioning of the device. The anaesthetic period was uneventful, but recovery was prolonged with central nervous and respiratory depression and marked hypoxaemia. Administration of naloxone (1.5 mg/kg, repeated twice at 15-20 min intervals) reversed the central nervous and attenuated the respiratory depressions. An initially low rate of urine production normalized after rewarming and a single intravenous administration of furosemide.
A sheep was anaesthetized for implantation of a novel device for mitral valve reconstruction (MitroFast s , Shelhigh Inc TM , Union, NJ, USA) in people. The device consists of a prosthetic ring together with a posterior leaflet stent against which the anterior leaflet coapts. Sheep are useful surrogates for man because the biomechanics of their heart closely resemble those of the human heart .
Fentanyl, a synthetic opioid with short duration of action, is commonly used in constant rate infusions as part of a balanced anaesthetic protocol for cardiac surgery in human adult patients (Phillips et al. 1994 , Engoren et al. 1998 , infants (Gruber et al. 2001 ) and newborns (Santeiro et al. 1997) .
No data are available about fentanyl use in sheep during extracorporeal circulation (ECC). Therefore, this case report describes such anaesthetic technique and the associated complications encountered.
The protocol was approved by the Animal Experimentation Committee, Canton of Berne, Switzerland.
Description of the case
An approximately one-year-old, intact, female sheep (Swiss black-headed meat sheep) of 63 kg body weight was used. The sheep was in good body condition and had been dewormed recently. Physical examination, blood biochemical values, complete blood cell count and arterial blood gases analysed the day before surgery did not reveal any abnormalities. Tetanus antitoxin (1500 IU) was administered subcutaneously on the day before surgery. The sheep was fasted for 24 h prior to anaesthesia, but access to water was allowed at all times. Cefuroxim (Cefuroxim-Biochemie s i.v., Medika AG, Aesch, Switzerland) 24 mg/kg was given intravenously twice on the day of surgery.
For the purpose of this case report, anaesthetic induction is called time zero and all times mentioned relate to this. A time line graph with important events is included in Figure 1 .
Anaesthetic management
The sheep was premedicated with midazolam hydrochloride (1.0 mg/kg, Dormicum s , Roche, Basel, Switzerland) and ketamine hydrochloride (4.0 mg/kg, Narketan s , Vé toquinol AG, Belp, Switzerland) intramuscularly, which produced mild sedation.
A 14 G 3 1 4 inch catheter (Angiocath s , Becton-Dickinson, Sandy, UT, USA) was placed in the left jugular vein and anaesthesia was induced with a combination of midazolam hydrochloride (0.4 mg/kg) and propofol (4.8 mg/kg, Diprivan s , Astra-Zeneca, London, UK) i.v. Anaesthetic induction was subjectively rated as smooth.
The trachea was then intubated (12 mm ID endotracheal tube), oxygen was supplemented at 8 L/min and an orogastric tube was placed. Lactated Ringer's solution was administered i.v. at a rate of 10 mL/kg/h throughout the anaesthetic period.
Intercostal nerve blocks were performed at intercostal spaces 3-7 on both sides using lidocaine hydrochloride 2% (Xylesin s , Amino AG, Neuenhof, Switzerland) and bupivacaine 0.75% (Bucain s , Curasan, Kleinostheim, Germany) solutions in an equal volume mixture. Two millilitres of the mixture were applied at each intercostal nerve to a total of 20 mL. During the time of preparation and instrumentation, anaesthesia was maintained with a propofol constant rate infusion at 0.15 mg/kg/min.
The sheep was then transported into the operating room and connected via a standard small animal circle breathing system to an anaesthetic machine (Ventilog 1, Drä ger, Dietlikon, Switzerland). It was further instrumented for continuous monitoring of SpO 2 , heart rate and rhythm, invasive arterial blood pressure (middle auricular artery), respiratory rate, inspired and expired isoflurane, carbon dioxide, and oxygen concentrations, airway pressures and volumes, caudal oesophageal temperature, pulmonary arterial pressure, right atrial pressure, bispectral index monitoring and urine output, as well as intermittent measurement of left atrial pressure, arterial blood gases, haemoglobin concentration, electrolytes (K þ , Na þ , Ca þ þ , Cl À ), bicarbonate, glucose and lactate concentrations.
Values of some measurements are displayed in Table 2 and Figure 3 . The mean arterial blood pressure remained at 60-100 mmHg throughout the anaesthetic period. Isoflurane in oxygen (2 L/min) was administered (except the time of ECC) to an end-tidal concentration of 1.2-1.5%, and varied according to the required anaesthetic depth throughout the anaesthetic period. Fentanyl citrate (Fentanyl-Janssen s , Beerse, Belgium) 2.4 mg/kg was administered as a slow i.v. injection and followed by infusion at rates between 0.15 and 0.4 mg/kg/min according to the desired degree of narcosis (Figures 1b and 2) . The sheep's lungs were ventilated to maintain end-tidal carbon dioxide concentration between 4.6 and 5.9 kPa.
Unfractionated heparin (100 IU/kg; Liquemin s N, Roche, Basel, Switzerland) was administered i.v. (2:20 h, Figure 1b ). The degree of anticoagulation was assessed through measurement of activated clotting time (ACT, Hemochron ACT s , Medtronic, Parker, CO, USA; Table 1 ). No protamine was administered.
To decrease the detrimental effects of complementary activation after reperfusion, aprotinine (630 KIU; Trasylol s , Bayer Corporation, Leverkusen, Germany) was administered i.v. as a bolus, followed by an infusion of 630 KIU/h to a total of 2 million units.
Furosemide (1.6 mg/kg; Lasix s , Aventis, Strasbourg, France) was administered i.v. (Figure 1b ).
Lidocaine 2% solution (2 mg/kg) was administered i.v. (3:35 h) and 3.25 mg/kg of the same solution was administered topically onto the heart (3:37 h).
After disconnection from the ECC ( Figure  1a ), the positive inotrope dopamine hydrochloride (B. Braun Medical, Melsungen, Germany) was infused at 0.015 mg/kg/min (4:00 h; Figure 1b ) and reduced in a stepwise manner to 0.003 mg/kg/min towards the end of infusion time (6:40 h).
Isoflurane administration was ceased at 6:50 h ( Figure 1a ). Nystagmus occurred almost immediately (6:51 h) and spontaneous limb movements first commenced at 6:55 h. Soon thereafter, the first swallowing reflex was noticed (7:10 h), followed by intermittent chewing, and the sheep was disconnected from the anaesthetic breathing circuit and oxygen was insufflated via the endotracheal tube at 6 L/min. However, the sheep's respiratory rate was low (4-6 breath/ min) and its arterial partial pressure of oxygen (PaO 2 ) decreased to critical values (Table 2, Figure 1a ). Therefore, oxygen supplementation was increased to 100% inspired oxygen (7:20 h). As respiratory rate remained low and its PaO 2 did not significantly increase (Table 2) , the sheep was again mechanically ventilated at 14 breaths/min to peak inspiratory airway Figure 1b ) and immediately gained a standing position being alert and responsive. The endotracheal tube was then removed and the sheep allowed to breathe room air. Respiratory rate increased to 20-30 breaths/ min and PaO 2 was in an acceptable range (Table 2) . Naloxone administration at the same dose was repeated twice (9:00 and 9:20 h; Figure 1b ) and further anaesthetic recovery proceeded uneventfully.
Vacuum applied to two chest tubes placed at the end of surgery was maintained continuously until 10:20 h, and thereafter intermittently every 3 h. Two nasal catheters were placed to supply the sheep with supplemental oxygen (6 L/min) overnight. Buprenorphine (0.1 mg/kg; Temgesic s , Essex Chemie, Lucerne, Switzerland, Figure 1b ) was administered i.v. every 6 h. Intercostal nerve blocks were repeated every 6 h twice as described above. The degree of pain was assessed with a pain scoring system every 3 h overnight. The sheep was given lactated Ringer's solution at a rate of 3 mL/kg/h i.v. overnight.
Discussion
The administered fentanyl infusion of 0.15-0.4 mg/kg/min to this sheep represents a total of 0.0713 mg/kg over 250 min. The highest rate (0.4 mg/kg/min) was administered from just before beginning of the thoracotomy to the end of direct surgical manipulations on the heart over 95 min (Figures 1 and 2) . When comparing this Laboratory Animals (2005) 39 Prolonged recovery after fentanyl in a sheep 431 (Garibaldi & Glass 2000) .
Little is known about the pharmacokinetics and pharmacodynamics of fentanyl in sheep, but Waterman et al. (1990) found doses of 10 and 20 mg/kg, but not 5 mg/ kg in single bolus injections to be effective in producing mechanical antinociception. Ilkiw et al. (1991) found alfentanil dose requirements for a set end point in the electroencephalogram to be higher in sheep when compared with rabbits and dogs. Thus, inter-species comparison of use and dose recommendations of single opioids may lead to variable effects (Hellyer et al. 2003a,b) and little is known specific to sheep.
In human patients, however, when investigating different opioid infusions (fentanyl, alfentanil, sufentanil and remifentanil), it is evident that the contextsensitive half-time of fentanyl is much greater than that of other opioids when the infusion exceeds 2 h (Egan et al. 1993 ). This probably reflects saturation of inactive tissue sites and redistribution phenomena from peripheral compartments to the plasma (Hall et al. 1993) . We cannot exclude similar kinetics for fentanyl in our sheep. If an extrapolation of opioid kinetics in people is reasonable for sheep, maybe the use of remifentanil would have been advantageous in this regard.
Cardiopulmonary bypass significantly changes the pharmacokinetics of opioids in human patients (Scholz et al. 1996) . This is due to altered distribution volumes (secondary to priming of the ECC), acid-base, organ blood flow, plasma protein concentration and body temperature alterations (Gedney & Ghosh 1995) . Particularly fentanyl pharmacokinetics are altered during ECC (more so than those for remifentanil; Russel et al. 1997) . In fact, plasma fentanyl concentrations decrease within the first minutes of cardiopulmonary bypass by 30-60% due to haemodilution and sequestration of fentanyl by components of the ECC. On the other hand, fentanyl plasma concentrations after termination of the bypass may rise toward pre-bypass levels and overall elimination is known to be prolonged secondary to increases in distribution and decreases in plasma clearance (Bailey et al. 2000) .
The occurrence of acidosis towards the end of the anaesthetic period in this sheep (Table 2) may have led to an enhanced interaction of fentanyl with m-opioid receptors to emphasize the effects of respiratory and central nervous depression as well as decrease the amount of fentanyl available for hepatic metabolism and renal excretion (Lü llmann et al. 1985) .
The hypothermia during cardiopulmonary bypass deliberately chosen in this case (34.5-35.51C) to confer protection against tissue ischaemia may also have contributed to increased fentanyl plasma concentrations (Russel et al. 1997 ). Furthermore, hypothermia was probably one causative factor for the decreased urine output (which was smaller than 0.3 mL/kg/h until 4:00 h) as well, as only after rewarming to 371C did urine output normalize to approximately 2 mL/kg/h (Sladen 1990) .
Respiratory impairment is typical for thoracotomy and favours formation of atelectasis and right-to-left shunting. However, in this case, pleural evacuation after surgery (chest drains) was continuous and functional, and the lungs had been sufficiently re-inflated with mechanical ventilation as assessed by airway pressure-volume curves. Nonetheless, this alveolar recruitment was not sustained over time and re-formation of atelectasis cannot be excluded (Dyhr et al. 2002 (Dyhr et al. , 2004 .
Another possible explanation for the low PaO 2 may be seen in underperfusion of the lungs after cardiac surgery; however, postoperative pulmonary arterial pressure, pulmonary arterial wedge pressure and left atrial pressure were not significantly altered when compared with pre-surgical values.
In this case, a combination of the effects of alveolar hypoventilation, atelectasis, rightto-left shunt and respiratory depression from fentanyl represents the most probable explanation for the observed decrease in total respiration.
The reversal of m-opioid-receptor agonism exerted by fentanyl with naloxone did cause and sustain an increase in PaO 2 and a decrease in CNS depression in this case. This supports the suspicion that both the prolonged recovery and the low PaO 2 were caused by high fentanyl effect site concentrations.
The reversal of m-opioid-receptor agonism, however, does reverse the desired analgesic effects of fentanyl as well. In the case presented here, we awaited the end of the naloxone action (assuming a 20-30-min duration of action for a single i.v. injection) and then administered the partial m-opioidagonist buprenorphine i.v. in order to provide analgesia, but cause a lesser degree of respiratory and central nervous depression.
Finally, the degree of anticoagulation achieved in this sheep with i.v. administration of a single low-dose unfractionated heparine (100 IU/kg, Table 1 ) seemed sufficient during surgery and ECC as assessed by measurement of ACT. The duration of anticoagulation, however, indicated no necessity for protamine administration (Table 1) . Common dose recommendations (Roytblatt et al. 1998 , Timek et al. 2002 for heparine during ECC are triple the dose used in our sheep, leading to prolonged duration of anticoagulation and the necessity to administer protamine as an antagonist at the end of surgery. Protamine administration, however, may be associated with pulmonary hypertension and, hence, its avoidance may be beneficial.
Clinical significance
Prolonged anaesthetic procedures including fentanyl infusion for cardiac surgery with short hypothermic cardiopulmonary bypass times may lead to prolonged central nervous and respiratory depression. This is highly likely to be attributable to the opioid used during cardiopulmonary bypass, may be encountered in single cases, and responds to treatment with the opioid antagonist naloxone. Administration of a small dose (100 IU/kg i.v.) heparine for anticoagulation may be sufficient and advantageous when carefully timed.
